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During recent years, rapid progress has been made in modeling the inter-
action of nonuniform eddy-current (EC) probe fields with surface flaws and 
verifying these models by comparisons with experiment. Following the devel-
opment of the basic analysis for nonuniform probe fields [1], the first com-
parison of measured eddy current signals with predictions of the theory was 
made in 1983 [2]. The following year brought development of a full inversion 
procedure for rectangular flaws [3], which was successfully demonstrated 
using flaw signals measured for a series of rectangular electrical-discharge 
machined (EDM) notches in aluminum [4]. 
This year, in a companion paper [5], the model for interaction of non-
uniform probe fields with flaws has been extended to semi-elliptical flaws. 
The present paper describes an extensive series of measurements of flaw 
signals for both fatigue cracks and semi-elliptical EDM notches in aluminum 
and titanium alloys. The measured flaw signals are compared with theoretical 
predictions and are also used to test the inversion procedure based on the 
theory [5]. 
EXPERIMENT 
The objective of this study was to make a serjes of carefully controlled 
measurements of eddy current flaw signals for well characterized, semi-
elliptical flaws in aluminum and titanium alloys to compare with flaw signals 
calculated using theoretical models described in a companion paper [5]. 
Both real fatigue cracks and EDM simulations were studied. Most measurements 
emphasized air-core probes, since the magnetic field distributions for these 
probes could be calculated using the theory of Dodd and Deeds [6]. One 
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ferrite-core probe was also used to make a first comparison for this type of 
probe between theory and experiment. 
Flaw specimens used in this study are listed in Table I, together with 
their dimensions. Lengths and widths of the flaws were determined with a 
calibrated traveling microscope; depths of the EDM notches were determined 
from silicone casts of the flaws. For the two Stanford fatigue cracks 
(S-1 and S-2), dimensions were determined after breaking the specimens. The 
twenty-two flaws studied included six fatigue cracks, eight semi-elliptical 
EDM notches, and eight rectangular EDM notches in three different materials: 
6061 Ai, 7075 Ai, and Ti-6Ai-4V. Although the focus of this study was on 
semi-elliptical flaws, rectangular notches were included to permit compari-
sons of the numerical method developed this year [5] with last year's ana-
lytical solution for rectangular flaws [3]. 
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Table I. Flaw Specimens Used in Experiments 
Specimen 
MM-28 
MM-2C 
MM-48 
MM-4C 
MM-98 
MM-9C 
MM-1 08 
MM-10C 
NBS-3A 
N8S-3B 
N8S-3C 
NBS-3D 
N8S-4A 
N8S-4B 
NBS-4C 
NBS-4D 
NBS-5A 
NBS-58 
NBS-5C 
N8S-5D 
S-1 
S-2 
Material 
Ti-6Ai-4V 
Ti-6H-4V 
Ti-6Ai-4V 
Ti -6H-4V 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 H 
6061 Ai 
6061 H 
7075 H 
7075 H 
Flaw 
Type 
F 
F 
s 
s 
F 
F 
s 
s 
s 
s 
s 
s 
R 
R 
R 
R 
R 
R 
R 
R 
F 
F 
Length 
( mm) 
1.52 
3.18 
1. 65 
3.15 
1. 78 
3.18 
1. 93 
3.48 
3.70 
3.82 
4.15 
4.20 
3.69 
3.85 
4.16 
4.20 
3.75 
3.90 
4.24 
4.27 
4.34 
5.95 
Width 
( mm) 
o. 13 
0.43 
0.20 
0.25 
0.19 
0.20 
0.22 
0.22 
0.17 
0. 18 
0.19 
0. 21 
0.24 
0.20 
0.18 
0.19 
Depth 
( mm) 
(0.76) 
( 1 • 59) 
(0.83) 
( 1 • 58) 
(0.89) 
( 1 • 59) 
(0.97) 
( 1 • 7 4) 
0.70 
0.95 
1.25 
1. 44 
0.35 
0.64 
0.75 
0.92 
0.88 
1. 1 7 
1.32 
1.88 
0.92 
1. 76 
Flaw types: F = fatigue crack, S = semi-elliptical EDM 
notch, R = rectangular EDM notch. 
Dimensions in parentheses were estimated from the known 
flaw length and expected aspect ratio. 
Conventional eddy-current instruments measure flaw signals relative to 
lift off, that is, they measure the magnitude of the signal in quadrature 
with the lift-off signal to discriminate against this source of noise. But 
it is crucial for quantitative comparisons with theory that the measurements 
provide the absolute magnitude and phase of ~Z. For the present study, 
measurements were made with a computer-controlled probe scanner and digital 
impedance analyzer. The scanner consisted of two stepper-motor-driven lead 
screws that positioned a counterbalanced probe support arm. The panto-
graphic support arm maintained the probe perpendicular to the specimen, 
while permitting it to ride freely over the surface. 
Flaw signal measurements were made with a commercial digital impedance 
analyzer, which permitted us to determine the absolute magnitude and phase 
of ~Z. All measurements were performed at 550 kHz; this frequency was 
chosen because it provided optimum sensitivity to small impedance changes 
for the probes we used. The precision of probe impedance measurements is 
estimated to be ± 0.07 ohms in magnitude and ± 0.01 degrees in phase; of 
course, the accuracy with which small changes in probe impedance can be 
determined is not as good. Measurements were made at 0.25-mm increments 
along the length of the flaws in a step-and-measure mode. 
In addition to the requirement for absolute measurements of flaw sig-
nals, quantitative comparisons with theory require knowledge of the probe's 
magnetic field intensity and distribution, since this is an important input 
for calculating flaw signals. In the past, we used air-core probes exclu-
sively because their fields can be calculated easily from Dodd and Deeds' 
theory (6]. This year, two nominally identical air-core probes were used to 
study the uncertainty in flaw-signal measurements that results from vari-
ability in probe construction. In another related experiment [7], the 
magnetic fields of these probes were mapped and compared with theoretical 
calculations. Since most practical eddy current probes have a ferrite core, 
one ferrite-core probe was also used. The magnetic field of this probe was 
also measured, and these results were used to calculate the flaw signal. 
Physical characteristics of the eddy current probes are given in Table II. 
Table II. Characteristics of Eddy Current Probes Used in Experiments 
Core Type 
Number of turns 
Inductance in air, ~H 
Resonant frequency, MHz 
Mean coil radius, mm 
Inner diameter, mm 
Outer diameter, mm 
Coil length, mm 
Core length, mm 
Lift off height, mm 
Probe L 
air 
235 
37.0 
3.45 
0.81 
0.64 
2.6 
2.9 
0.5 
Probe M 
air 
23!5 
38.9 
3.34 
0.81 
0.64 
2.6 
2.9 
0.5 
Probe F 
ferrite 
140 
134.0 
1.20 
0.95 
1.3 
2.5 
2.3 
3.6 
0.1 
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RESULTS AND DI SCUSSION 
The inversion procedure developed las t year [ 3 ] s t ar t ed from t he con-
cept of a flaw profile : a plot of the magn itude or phase of ~Z along t he 
length of the flaw. The l ength of the flaw is then determined from t he 
physical extent of the fl aw signal (ana l ogous to imaging) . Once the l engt h 
of a flaw is known, its depth and width ar e determined fr om the magni t ude 
and phase of ~Z a t the c ent e r of the fl aw. Experiment al ly de t ermined flaw 
prof iles obta ined us ing the two a ir-cor e probes a r e compared with t heoret i-
cal predict ions in Fig. 1. Flaw profiles l ike this wer e obt ained f or a l l 
the flaws in Table I, f or each of the three probes. Simi l ar compari sons of 
theory and experiment f or other flaws are shown in t he companion paper [ 5] . 
The results in Fig. 1 show that ther e is a signif i can t difference 
between the r esults f or t he two a ir-core pr obes . The t heoret i cal flaw pr o-
f ile l ies be tween the t wo experimental cur ves , being somewhat c l oser t o t he 
Probe L r esults . The r ea son fo r the discrepancy is t hat t he ma gnetic f i e l ds 
of the two probes are different, as shown i n Ref. 7. There are indications 
that Probe M may have a def ective cable , as indicated by unstable r eadings 
when operat ed near resonance. Thus, i t is encouraging t hat theory lies 
closer t o t he Probe L r esults. 
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Fi g . 1. Comparison of t heoretical l y pr ed i c t ed eddy c urrent f l aw prof ile 
with expe rimenta l resul t s obt a i ned with two nominally i dentical 
air - core probes . The fl aw was a r ec t angular EDM notch in 
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6061 A ~ ( Fl aw NBS- 58, see Table I ) . The absc i ssa r epres ents t he 
pos ition of the probe r e lat i ve t o t he flaw center , norma lized by 
t he mean pr obe r ad i us. 
Specimen 
MM-2B 
MM-2C 
MM-4B 
MM-4C 
MM-9B 
MM-9C 
MM-108 
MM-10C 
NBS-3A 
NBS-3B 
NBS-3C 
NBS-3D 
NBS-4A 
NBS-4B 
NBS-4C 
NBS-4D 
NBS-5A 
NBS-58 
NBS-5C 
NBS-5D 
S-1 
S-2 
Table III. Results of Flaw-Signal Measurements at 550 kHz 
Theory 
Mag. 
(ohms) 
0.09 
0.30 
0. 11 
0.37 
0.02 
0.09 
0.04 
0.25 
0. 18 
0.23 
0.32 
o. 31 
0.25 
0.27 
0.28 
0.15 
0.26 
Phase 
(de g) 
152.2 
183.8 
164.7 
76.6 
65.1 
99.4 
90.4 
88.9 
87.7 
89.0 
86.8 
85.5 
67.6 
63.3 
Probe L 
Mag. 
(ohms) 
0.00 
0.02 
0.00 
o. 12 
0.00 
0.06 
0.04 
0.17 
0.15 
0.20 
0.23 
0.24 
0. 11 
0. 18 
0.22 
0.24 
0.22 
0.24 
0.27 
0.27 
0.14 
0.26 
Phase 
(de g) 
0.0 
175.4 
0.0 
119.8 
0.0 
65.2 
85.6 
78.2 
85.6 
85.6 
80.1 
80.3 
85.6 
85.6 
85.6 
80.4 
79.8 
80.3 
81.0 
81.0 
66.6 
65.3 
Probe M 
Mag. 
(ohms) 
o.oo 
0.05 
0.00 
0.1 4 
o. 01 
0.10 
0.04 
0.26 
0.23 
0.29 
0.35 
0.37 
o. 1 7 
0.27 
0.32 
0.37 
0.32 
0.36 
0.40 
o. 41 
0.20 
0.39 
Phase 
(de g) 
0.0 
1 75.2 
0.0 
128.0 
43.5 
71.8 
85.5 
81.6 
82.0 
81.1 
82.6 
82.0 
85.5 
80.8 
81.5 
82.0 
85.5 
81.9 
79.1 
79.4 
65.9 
65.5 
Probe F 
Mag. 
(ohms) 
0.00 
1. 76 
0.54 
4.1 6 
0. 21 
1.65 
0. 73 
3.95 
3.16 
3.97 
4. 70 
4.80 
2.53 
4. 18 
4. 79 
5.33 
2.94 
5.52 
Phase 
(de g) 
0.0 
11 6. 0 
126.0 
119.9 
72.6 
62.1 
71.6 
77.5 
75.6 
75.6 
75.0 
75.2 
'77. 5 
75.0 
74.5 
75.0 
58.3 
58.0 
Flaw signals measured at the center of each flaw are presented in 
Table III for all three probes. Also included in Table III are the flaw 
signals predicted for the semi-elliptical flaws by the theoretical model 
developed in Ref. 5, using calculated field distributions for the air-core 
probes. These theoretical results should only be compared with the air-
core probe measurements (Probes Land M). For the aluminum flaws, there is 
excellent agreement between theory and experiment; in practically every case 
the magnitude of the predicted signal lies between the experimental results 
for the two air-core probes. Phases of the predicted flaws signals are 
within 10 to 15 degrees of the measured phases. 
Agreement between theory and experiment was not as good for the tita-
nium flaws as for the aluminum. There are two possible explanations for 
this discrepancy. Of the four titanium flaws, the two shorter flaws (MM-2B 
and MM-4B) are of such a length that their flaw profiles have minima at the 
center of the flaw, and the signal is not capable of being resolved by the 
impedance analyzer. Another complication arose from the larger skin depth 
for the titanium specimens relative to their thickness. At 550 kHz, the 
skin depth in titanium is 0.88 mm; for these specimens the thickness 
(6.3 mm) was insufficient to prevent reflections from the back side. 
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Fig. 2. 
Fig. 3. 
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Magnitudes of the flaw signals obtained by scanning a ferrite-core 
eddy current probe along the lengths of two semicircular flaws, 
one in Ti-6At-4V and the other in 6061 At. The two flaws were 
MM-4C and MM-10C (see Table I). Both flaws were measured at 
550 kHz. 
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Phases of the flaw signals from the same two flaws in titanium and 
aluminum alloys shown in Fig. 2, measured with the same ferrite-
core probe at 550 kHz. 
However, results obtained with the ferrite-core probe showed very good 
qualitative agreement with the shape of the flaw signals predicted by 
theory. 
Flaw profiles obtained with the ferrite-core probe for similar-size 
EDM notches in aluminum and titanium alloys are compared in Figs. 2 and 3. 
In conformity with the predictions of theory, the magnitude of the titanium 
flaw signal is greater than that of the aluminum flaw. Theory predicts 
that the magnitude of the flaw signal should be inversely proportional to 
specimen conductivity (for constant skin depth). The measurements shown in 
Figs. 2 and 3 were taken at 550 kHz, where the skin depth in the titanium 
specimen was six times greater than in the aluminum specimen. Had the skin 
depths been comparable, the titanium flaw signal would have exceeded that of 
the aluminum flaw signal by an even greater margin, thus qualitatively con-
firming the theory. 
Another prediction of the theory is confirmed by the results shown in 
Fig. 3. In this figure we observe that the phase of the flaw signal for the 
aluminum specimen does not vary significantly as the probe is scanned along 
the flaws's length. But the phase varies continuously for the titanium 
specimen. As shown by theoretical calculations [5], this effect is related 
to the ratio of flaw depth to skin depth, a/o. When a/o >> 1, as is the 
case for the aluminum specimen, the phase of ~Z varies little with flaw 
depth. But as a/o approaches unity, as ·occurs for the titanium specimen, 
the effect of varying flaw depth on the phase of ~Z becomes as strong as the 
effect on the magnitude of ~z. As a/o varies between 1 and 10, the same 
behavior in the phase of ~Z is revealed in the McFetridge charts that are 
discussed in Ref. 5. 
CONCLUSIONS 
Extensive measurements of eddy-current flaw signals were made for a 
series of real and simulated flaws in both high- and low-conductivity 
materials. Results obtained for two nominally identical air-core probes 
agreed very well with theoretical predictions for flaws in aluminum [5]. 
Differences in the flaw signals measured using these two probes were related 
to differing field intensities by direct magnetic field measurements, 
reported elsewhere [7]. For flaws in titanium specimens, poor agreement 
of theory and experiment was ascribed to inadequate sensitivity of the 
impedance-measuring instrument and to inadequate specimen thickness. 
However, relative measurements of flaw signals in titanium and aluminum with 
a ferrite-core probe confirmed the qualitative predictions of theory. 
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